1. Introduction {#S0001}
===============

Tuberculosis (TB) is one of the top 10 leading causes of mortality worldwide and is the most important cause of death due to a single infectious disease. Recent data indicate that *Mycobacterium tuberculosis* (*Mtb*) was responsible for at least 1.3 million deaths and 10 million cases in 2017.[^1^](#CIT0001) Moreover, there is a rising frequency of multi-, extensively-, and even totally drug-resistant *Mtb* strains posing the threat of virtually untreatable disease.[^2^](#CIT0002) The only available vaccine, *Mycobacterium bovis* bacillus Calmette-Guérin (BCG), has shown variable results of protective efficacy. BCG vaccination has been shown to prevent tuberculous meningitis and miliary TB in infants.[^3^](#CIT0003) However, protection against pulmonary TB in adults is extremely variable, as shown by a meta-analysis that revealed protective efficacies ranging from 0% to 80%.[^4^](#CIT0004) Therefore, the development of new therapeutic strategies and more effective vaccines has become a world priority in order to control spread of the infection. New vaccination strategies being investigated against TB include recombinant BCG (rBCG) or attenuated *Mtb* strains to replace BCG, as well as subunit or non-replicating viral vector-based vaccines as a boost for BCG, and others.^[5](#CIT0005),[6](#CIT0006)^

These vaccine strategies were developed to improve the immune responses and protection against *Mtb* as compared to BCG. There are several rBCG strains overexpressing immunodominant *Mtb* antigens, such as Ag85A,[^7^](#CIT0007) Ag85C,[^8^](#CIT0008) ESAT-6^[9](#CIT0009)^ and Hsp-X,[^10^](#CIT0010) to enhance the antigen-specific Th1 immune response against *Mtb*. Another promising strategy generated rBCG ΔureC hly+ (VPM1002), a phagosome escape mutant.[^11^](#CIT0011) These rBCG strains have shown increased immunogenicity and/or enhanced levels of protection against *Mtb* challenge in animal models. Few vaccine candidates have progressed to clinical trials, supporting increased research in vaccine development against TB.[^12^](#CIT0012)

Although studies on the induction of protective immune responses for TB have advanced, effector mechanisms required for protection have not yet been elucidated. The lack of robust or reliable immune correlates of protection for TB, validated models and translational studies between animal and human models have delayed the development of new vaccine strategies.[^13^](#CIT0013) In this sense, elucidation of protective mechanisms would allow more efficient evaluation of vaccine candidates at an early preclinical stage of development and provide a relevant measure of immunogenicity for phase I trials, guiding progression into efficacy trials.^[14](#CIT0014),[15](#CIT0015)^

Particularly, the innate immune response is considered crucial for the development of an efficient adaptive immune response.[^16^](#CIT0016) Animal studies have revealed the role of adaptive immune responses mediated by CD4^+^ T cells producing IFN-γ or TNF-α and polyfunctional T cells producing INF-γ, TNF-α and IL-2 in the protection against *Mtb* infection. This has guided vaccine development during decades.[^17^](#CIT0017) The importance of T cell subpopulations in long-term immune responses for TB has been demonstrated, including a possible role for IL-17 in protection.[^18^](#CIT0018)

We have previously described the development of rBCG strains expressing the nontoxic mutant of *E. coli* heat labile enterotoxin (LT) as adjuvant. One of our constructs, the rBCG-LTAK63lo strain, here called rBCG-LTAK63, induced higher immunogenicity against mycobacteria in the spleens and lungs of immunized mice. Furthermore, this rBCG strain induced superior protection in different intratracheal *Mtb* challenge models as compared to native BCG.[^19^](#CIT0019) The adjuvant properties of LT have been extensively studied, inducing increased immunogenicity and protective efficacy in several models.^[20](#CIT0020)--[22](#CIT0022)^ It is reported that LT can induce enhanced production of inflammatory cytokines and chemokines and transient recruitment of immune cells to the site of immunization. It influences dendritic cell maturation, antigen presentation, T cell activation and promotes the induction of antigen-specific cytotoxic T lymphocyte (CTL) responses in mouse models. The genetically detoxified mutant, LTK63, displays different adjuvant properties.^[23](#CIT0023)--[25](#CIT0025)^ The adjuvant properties of LTAK63 expressed in BCG are under investigation.

We here report increased innate and long-term immune responses induced by rBCG-LTAK63 immunization. Furthermore, the immune responses induced 15 d after challenge were clearly different than those induced by BCG.

2.. Materials and methods {#S0002}
=========================

2.1.. Bacterial strains {#S0002-S2001}
-----------------------

The *Mycobacterium bovis* BCG Moreau strain (Instituto Butantan) was used to generate the recombinant BCG strain; *M. tuberculosis* H37Rv was used in the challenge experiments and to generate the *Mtb* extract used in the immunology experiments, as previously described.[^19^](#CIT0019) BCG, rBCG-LTAK63 and *M. tuberculosis* H37Rv strains were grown in Middlebrook 7H9 medium (MB7H9) (Difco, Detroit, MI) supplemented with oleic-albumin-dextrose-catalase broth (OADC) (BBL, Cockeysville, MD) and 0.05% Tween 80 (Sigma Chemical Co., St. Louis, MO) (MB7H9/OADC/Tw), containing or not 20 μg/mL kanamycin and incubated at 37^º^C with 5% CO~2~ until cultures reached an optical density (OD) of \~0.8. Bacteria were harvested by centrifugation at 2.800 x g, washed twice with distilled water and resuspended in 10% Glycerol. The mycobacterial preparations were maintained at −80^º^C until used. Colony-forming units (CFU) were determined 48 h after freezing at −80°C.

2.2.. Animals and immunization {#S0002-S2002}
------------------------------

All animal experiments were performed according to Brazilian and international guidelines on animal experimentation and approved by the Ethics Committee of Instituto Butantan, São Paulo-SP (CEUAIB), (Permit number 1202/14). Five to seven-week-old female BALB/c mice were obtained from the University of São Paulo, SP, Brazil. For evaluation of innate immune responses, BCG or rBCG-LTAK63 (1x10^6^ CFU/500 μL) preparations were administered intraperitoneally (i.p.). For evaluation of long-term immune responses and immune response after challenge, mice were immunized subcutaneously (s.c.) with 1 × 10^6^ CFU/100 µL of BCG or rBCG-LTAK63 ([Figure 1](#F0001)). Control animals received saline.10.1080/21645515.2019.1669414-F0001Figure 1.Animals, immunization and challenge schedule.(a) BALB/c mice were immunized intraperitoneally (i.p.) with BCG or rBCG-LTAK63 (1 x 10^6^ CFU). At 24 h and 7 d, peritoneal cells were recovered for the evaluation of cell recruitment, production of Nitric Oxide (NO), Hydrogen peroxide (H~2~O~2~) and inflammatory cytokines (without *in vitro* stimulation). (b) BALB/c mice were immunized subcutaneously (s.c.) with BCG or rBCG-LTAK63 (1 x 10^6^ CFU). At 90 d after immunization, recovered lung cells were *in vitro* stimulated with *Mtb* extract for evaluation of Th1/Th2/Th17 cytokine profile by CBA in the culture supernatant. At day 91 after immunization, the animals were challenged with *Mtb* H37Rv (1 x 10^5^ CFU) and 15 d after challenge (day 106), recovered lung cells were *in vitro* stimulated with *Mtb* extract and analyzed by immunophenotyping for determination of T-cell response (intracellular cytokine staining). Lungs were collected for histopathological analysis.

2.3.. Peritoneum cells, differential cell count and flow cytometry {#S0002-S2003}
------------------------------------------------------------------

The BCG or rBCG-LTAK63 preparations were administered i.p. to BALB/c mice and the recruited cells were obtained from the peritoneal cavity after 24 h and 7 dby injection of 5 mL of PBS. The total cell number was obtained by staining with crystal violet and counting in a Neubauer chamber. Later, 200 μL of peritoneal cells was placed on a slide and centrifuged at 200 x g at 4°C for 7 min using a cell cytospin apparatus (StatSpin CytoFuge 2, Beckman Colter, Inc). The slides were dried and cells were stained using the Instant Prov staining Kit, according to the manufacturer's instructions, which allows identification of the different cell types by morphology. The number of neutrophils, macrophages and lymphocytes were obtained by differential cell counting through microscopic analysis and confirmed by immunophenotyping. The antibodies used were CD11b (PerCP-Cy5), CD11c (PE-Cy7), F4/80 (BV421), Ly6G/C (APC-Cy7), MHCII (PE), CD3 (APC-Cy7). For immunophenotyping of the T-cell population, the antibodies used were CD3 (APC-Cy7), CD4 (PE-Cy5), CD8 (PE-Cy7) and CD69 (FITC). The following gating strategy was used: after exclusion of doublets (FSC-H vs FSC-A), the cell population was gated based on size and granularity (SSC-A vs FSC-A) and then gated on distinct populations, macrophages (CD11b^pos^, F4/80^pos^, MHCII^pos^), neutrophils (CD11b^pos^, MHCII^neg^, CD11c^neg^, Ly6G/C^pos^), T lymphocytes (CD3 ^pos^), CD4 T (CD3 ^pos^, CD4 ^pos^) or CD8 T (CD3 ^pos^, CD8 ^pos^).

2.4.. Measurement of NO, H~2~O~2~ and inflammatory cytokines {#S0002-S2004}
------------------------------------------------------------

For analysis of Hydrogen peroxide (H~2~O~2~) production, peritoneal cells were cultured in Phenol Red solution for 1 h at 37°C with 5% CO~2~. For analysis of Nitric oxide (NO) and inflammatory cytokine production, peritoneal cells were cultured in RPMI 1640 medium (Life Technologies-Invitrogen) with 10% FBS (Fetal Bovine Serum) for 48 h at 37°C with 5% CO~2~ (without *ex vivo* stimulation). H~2~O~2~ production was quantified using the method described by Pick and Mizel.[^26^](#CIT0026) For H~2~O~2~ production, absorbance was measured at 620 nm using a microplate reader (Bio Tek), and concentration was determined using a hydrogen peroxide standard curve (5--40 μM in triplicate). NO production was quantified in cell culture supernatants by the Griess reaction,[^27^](#CIT0027) measuring absorbance at 550 nm using a microplate reader (Bio Tek); the concentration was determined using a sodium nitrite standard curve (0--100 μM in triplicate). Cytokine levels were determined using the Cytometric Bead Array (CBA) Mouse Inflammatory Cytokine Kit (BD Biosciences, San Diego, CA).

2.5.. Mtb challenge and lung cells isolation for flow cytometry analysis {#S0002-S2005}
------------------------------------------------------------------------

BALB/c mice were immunized s.c. with a single dose of BCG or rBCG-LTAK63 (1x10^6^ CFU/100 µL) and challenged after 90 dby the intratracheal (i.t) route with *M. tuberculosis* H37Rv (1 × 10^5^ CFU/100 µL) ([Figure 1](#F0001)), as a dose previously established in the laboratory.^[19](#CIT0019),[28](#CIT0028)^ Lung cells from BALB/c mice were isolated 3 months after immunization and 15 after challenge as previously described.[^19^](#CIT0019) At 90 d after immunization, isolated lung cells were stimulated with 5.0 µg/mL *Mtb* extract and the Th1/Th2/Th17 cytokine profile was evaluated using CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD Biosciences, San Diego, CA). Fifteen days after challenge, at day 106, isolated lung cells were stimulated with 5.0 µg/mL *Mtb* extract for 6 h in the presence of brefeldin A (5.0 µg/mL), for intracellular cytokine staining. The following antibodies were used: CD3 (APC-Cy7), CD4 (PE-Cy5), IL-2 (APC), IFN-γ (FITC), TNF-α (PE) or IL-17 (PE) (BD Bioscience). Cells were analyzed using FACSCanto II and FACSDiva software (BD Biosciences).

2.6.. Histopathology {#S0002-S2006}
--------------------

At 15 d after i.t. challenge with *Mtb* H37Rv, the right caudal lung lobe was perfused with 10% formaldehyde-buffered saline. Serial 4--5 µm sections were stained with HE dye to analyze the tissue alterations. The samples were examined with a Leica microscope (Germany) and images were captured with a Coolpix P995 Nikon camera (Japan). The reduction in the percentage of pulmonary intra-alveolar space was determined as described elsewhere.[^29^](#CIT0029) Five random images of each lung HE-stained section (100× magnification) were analyzed using the ImageJ software (National Institutes of Health, USA).

2.7.. Statistical analysis {#S0002-S2007}
--------------------------

GraphPad Prism (GraphPad Software, Inc.) was used for statistical analysis. The significance of differences among groups was calculated by *one-way* ANOVA or Student's *t*-test as described in the figure legends. Differences between mean values were considered significant when *P* \< .05.

3.. Results {#S0003}
===========

3.1.. rBCG-LTAK63 increases NO production 24 h after immunization {#S0003-S2001}
-----------------------------------------------------------------

In order to investigate the potential role of innate immune responses induced by rBCG-LTAK63, mice were immunized i.p. and immigrant cells were isolated from the peritoneal cavity 24 h or 7 d after immunization. The intraperitoneal route is classically used to evaluate innate and/or inflammatory responses since the peritoneal cavity is composed mainly of macrophages.[^30^](#CIT0030) The total number of cells increased rapidly in the peritoneum at 24 h after administration of either BCG or rBCG-LTAK63 ([Figure 2(a](#F0002))). The cell population at this timepoint was mainly composed by peritoneal neutrophils, as determined by differential cell counting with Instant Prov staining kit and confirmed by immunophenotyping ([Figure 2(a](#F0002))). No difference was observed in the number of macrophages or lymphocytes.10.1080/21645515.2019.1669414-F0002Figure 2.rBCG-LTAK63 increases NO production at 24 h after intraperitoneal immunization.(a) Analysis of cell population was performed in the peritoneal fluid of BALB/c mice 24 h after intraperitoneal immunization with BCG or rBCG-LTAK63 (1 x 10^6^ CFU). At 24 h after immunization, the production of (b) NO and (c) H~2~O~2~ was evaluated in the cells isolated from the peritoneum. The production of (d) TNF-α and (e) IFN-γ was evaluated by the CBA inflammatory assay (non-stimulated *ex vivo*). The control group received Saline. The results represent one of two independent experiments with similar results (n = 4--5 animals per group). Statistical significance was determined by one-way ANOVA. Significant differences were observed for indicated groups (\* *P* \< .05; \*\* *P* \< .01; \*\*\* *P* \< .001).

The production of oxygen/nitrogen reactive species indicates macrophage activation and is important for killing of *M. tuberculosis*.[^31^](#CIT0031) Thus, we evaluated the production of oxygen/nitrogen reactive species and inflammatory cytokines by cells isolated from the peritoneum of immunized mice. An increased production of NO was observed 24 h after immunization with rBCG-LTAK63 as compared to the BCG group ([Figure 2(b](#F0002))). Higher H~2~O~2~ concentration was observed in animals immunized with BCG or rBCG-LTAK63 ([Figure 2(c](#F0002))). There was no difference in the levels of the inflammatory cytokines, IFN-γ and TNF-α at 24 h ([Figure 2(d](#F0002), [e](#F0002))).

3.2.. rBCG-LTAK63 increases lymphocyte recruitment 7 d after immunization {#S0004}
=========================================================================

The total number of cells remained increased in the peritoneum at 7 d after administration of either BCG or rBCG-LTAK63 ([Figure 3(a](#F0003))). The number of neutrophils is still increased, although lower than at 24 h. There was also an increase in the number of macrophages. Most interesting, the number of lymphocytes induced by rBCG-LTAK63 at 7 d was higher than that induced by BCG ([Figure 3(a](#F0003))). Although NO production was not maintained (data not shown), persistent production of H~2~O~2~ was observed only in the rBCG-LTAK63 group ([Figure 3(b](#F0003))). At 7 d, high concentrations of IFN-γ were detected in both immunized groups; while higher levels of TNF-α were observed only in the rBCG-LTAK63 group ([Figure 3(c](#F0003),[d](#F0003))).10.1080/21645515.2019.1669414-F0003Figure 3.rBCG-LTAK63 increases lymphocyte recruitment at 7 d after intraperitoneal immunization.(a) Analysis of cell population was performed in the peritoneal fluid of BALB/c mice 7 d after intraperitoneal immunization with BCG or rBCG-LTAK63 (1 x 10^6^ CFU). At 7 d after immunization, the production of (b) H~2~O~2~ was evaluated in the cells isolated from the peritoneum. The production of (c) TNF-α and (d) IFN-γ was evaluated by the CBA inflammatory assay (non-stimulated *ex vivo*). The control group received Saline. The results represent one of two independent experiments with similar results (n = 4--5 animals per group). Statistical significance was determined by one-way ANOVA. Significant differences were observed for indicated groups (\* *P* \< .05; \*\* *P* \< .01; \*\*\* *P* \< .001).

3.3.. rBCG-LTAK63 increases CD4^+^ and CD8^+^ T cell recruitment 7 d after immunization {#S0005}
=======================================================================================

The higher number of lymphocytes at 7 d led us to investigate which type of T cell population was being induced. Increased CD8^+^ T cells were observed only in the rBCG-LTAK63-immunized animals ([Figure 4(b](#F0004))), while either BCG or rBCG-LTAK63 showed increased CD4^+^ T cells when compared to the Saline control. Furthermore, higher numbers of CD4^+^ T cells were induced in rBCG-LTAK63-immunized animals when compared to BCG ([Figure 4(a](#F0004))).10.1080/21645515.2019.1669414-F0004Figure 4.rBCG-LTAK63 increased CD4 and CD8 T cell recruitment at 7 d after intraperitoneal immunization.Immunophenotyping of (a) CD4 T cell population and (b) CD8 T cell population in the peritoneal fluid of BALB/c mice 7 d after i.p. immunization with BCG or rBCG-LTAK63 (1 x 10^6^ CFU). The control group received Saline. The results represent one of two independent experiments with similar results (n = 4 animals per group). Statistical significance was determined by one-way ANOVA. Significant differences were observed for indicated groups (\* *P* \< .05; \*\* *P* \< .01).

3.4.. Increased long-term Th1 and Th17 cytokine profile induced in the lungs by rBCG-LTAK63 immunization {#S0005-S2001}
--------------------------------------------------------------------------------------------------------

We analyzed the long-term immune responses induced in the lungs of BALB/c mice 90 d after s.c. immunization with BCG or rBCG-LTAK63. Cells isolated from the lungs of rBCG-LTAK63-immunized mice and stimulated with *Mtb* extract showed significantly higher production of IFN-γ, TNF-α, IL-6, IL-17 and IL-10, as compared to BCG ([Figure 5](#F0005)). Significant IL-2 production was detected in animals immunized with both BCG and rBCG-LTAK63, and there was a tendency for higher production of IFN-γ, TNF-α and IL-17 in the BCG group as compared to Saline, although not statistically significant. Thus, immunization with BCG induced a long-term type 1 response and rBCG-LTAK63 induced increased long-term concomitant type 1 and type 17 cytokine responses in the lungs of immunized mice.10.1080/21645515.2019.1669414-F0005Figure 5.Increased immune response induced in the lungs of BALB/c mice immunized with rBCG-LTAK63 after 3 months.Cytokine production was analyzed in the lungs of BALB/c mice 3 months after s.c. immunization with BCG or rBCG-LTAK63 (1 x 10^6^ CFU). A total of 2 × 10^5^ cells was stimulated with *Mtb* extract for 24 h or 48 h and the supernatants were analyzed by multiplex cytokine assays (IL-2, IL-17 and IL10 at 24 h; IFN-γ, TNF-α and IL-6 at 48 h). The results represent one of two independent experiments with similar results (n = 4--5 animals per group). Statistical significance was determined by one-way ANOVA. Significant differences were observed for the indicated groups (\* *P* \< .05; \*\* *P* \< .01; \*\*\* *P* \< .001).

3.5.. Increased CD4^+^ T cells producing TNF-α in rBCG-LTAK63-immunized animals 15 d after infection with Mtb strain {#S0005-S2002}
--------------------------------------------------------------------------------------------------------------------

In order to evaluate the immune responses in rBCG-LTAK63-immunized BALB/c mice 15 d after *Mtb* challenge, we measured the intracellular CD4^+^ T cells cytokine production. Higher TNF-α-secreting CD4^+^ T cells were detected in the rBCG-LTAK63 group as compared to the BCG group ([Figure 6](#F0006)). Furthermore, the multifunctional IL-2^+^ TNF-α^+^ CD4^+^ T cells were significantly increased in the rBCG-LTAK63 group as compared to the BCG group ([Figure 6](#F0006)).10.1080/21645515.2019.1669414-F0006Figure 6.Challenge with *Mtb* strain increased CD4 T cells producing TNF-α in rBCG-LTAK63-immunized animals.BALB/c mice immunized with BCG or rBCG-LTAK63 (1 x 106 CFU) were challenged intratracheally with 1 × 10^6^ CFU *Mtb* H37Rv. Intracellular cytokine production was evaluated 15 d after challenge. Analysis of lung cells in culture stimulated with 5.0 µg/mL *Mtb* extract for 6 h and in the presence of brefeldin A by multicolor flow cytometry. The results represent one of two independent experiments with similar results (n = 4--5 animals per group). Statistical significance was determined by one-way ANOVA. Bars are mean ± SEM. Significant differences were observed for the indicated groups (\* *P* \< .05).

In order to investigate if the higher levels of TNF-α would be harmful to rBCG-LTAK63-immunized mice, we analyzed weight variation before and after challenge and the histopathological effects. The weight did not vary significantly among the groups before challenge. Mice immunized with rBCG-LTAK63 did not show weight loss after challenge, contrary to the BCG or Saline groups ([Figure 7(a](#F0007))). Histopathological analysis of the lungs of mice immunized with rBCG-LTAK63 at 15 d after challenge showed more preserved lung tissue as compared to the BCG group, determined by the higher alveolar area ([Figure 7(b](#F0007))).10.1080/21645515.2019.1669414-F0007Figure 7.Kinetics of weight variation and histopathological analysis after challenge.(a) BALB/c mice immunized with BCG or rBCG-LTAK63 (1 x 10^6^ CFU) 90 d before intratracheal challenge with *Mtb* H37Rv (1 x 10^5^ CFU) and the kinetics of weight variation was followed. (b) On day 15 after challenge, lungs from BALB/c immunized mice or those receiving Saline were fixed and sections were stained with HE prior to histopathological analysis. Non-challenged mice were used as Control. Images show representative lung sections (100 x magnification; bars scales correspond to 50 µm). Morphometrics of lung sections is shown. The results represent one of two independent experiments with similar results (n = 6--8 animals per group). Bars are mean ± SEM. Statistical significance was determined by one-way ANOVA in (a) and by Student's *t*-test in (b).

4.. Discussion {#S0006}
==============

The importance of an efficient innate immune response in the development of a vaccine against TB is well established. It is known that the delay to trigger the immune response to eliminate *Mtb* contributes to disease progression.[^32^](#CIT0032) In order to evaluate the potential innate immune responses induced by the novel vaccine candidate, rBCG-LTAK63, we used the established intraperitoneal immunization model,[^33^](#CIT0033) since the peritoneal cell population is composed mostly of macrophages^[30](#CIT0030)^ . Several studies show that macrophages, which are the main target of *Mtb*, play a crucial role in the host innate anti-mycobacterial defense and have many pathways to eliminate *Mtb*.[^34^](#CIT0034) The rBCG-LTAK63 strain was able to promote an efficient recruitment of cells, with increased neutrophils at 24 h. Macrophages, neutrophils and lymphocytes were increased at 7 d after immunization with both strains and the increase in lymphocytes was higher than that induced by BCG. Our results demonstrated superior production of NO (at 24 h) and H~2~O~2~ (at 7 d) in rBCG-LTAK63 -- immunized mice as compared to BCG, indicating increased activation of inflammatory cells. Therefore, rBCG-LTAK63 induced higher cell activation at 24 h and both recruitment and activation at 7 d. It is known that activated macrophages produce NO and H~2~O~2~ during the oxidative burst, which can kill *Mtb*,[^35^](#CIT0035) constituting an important part of the defense mechanisms against *Mtb*.[^31^](#CIT0031) However, the role of NO is not restricted to killing of the mycobacterium by activated macrophages; in mouse bone marrow-derived macrophages, NO generated by NOS2 was found to elicit host cell apoptosis and thereby restrict the growth of intracellular *Mtb*.[^36^](#CIT0036) NO can act directly on the differentiation of Th1, Th2 or Th17 cells,[^37^](#CIT0037) therefore affecting adaptive immune responses. In an *ex-vivo* model system of *Mtb* infection using lymphocytes and macrophages, it was shown that intracellular *Mtb* growth was affected by CD4^+^ T cells in the presence of NO-dependent macrophages.[^38^](#CIT0038)

The rBCG-LTAK63 strain was able to promote an increase in the number of lymphocytes at 7 d after i.p. immunization. It is possible to hypothesize that the early activation of the immune response, demonstrated by production of NO at 24 h, could be involved in the induction of higher numbers of lymphocytes observed on the 7^th^ day after administration of rBCG-LTAK63. Immunophenotyping of these cells showed that CD4^+^ T cells are a large proportion of the cell population induced by both strains. Only the rBCG-LTAK63 group presented increased levels of CD8^+^ T cells when compared to the Saline group. Clearance of the bacteria by macrophages is in part dependent on activation of macrophages, CD4^+^ T cells, CD8^+^ T cells and NK cells.[^39^](#CIT0039) The induction of CD4^+^CD69^+^ T cells in BCG and rBCG-LTAK63-immunized animals were comparable (Supplementary Figure 1). It will be important to further characterize the activation of T cells.

It is known that the delayed T-cell responses during the first d after *Mtb* infection provide a critical window of opportunity in which the bacteria can establish infection.[^40^](#CIT0040) Lymphocytes are essential to initiate a specific response against *Mtb*, increasing the production of IFN-γ and TNF-α.[^41^](#CIT0041) We also observed production of high levels of inflammatory cytokines, such as IFN-γ and TNF-α, at 7 d. It will be important to further characterize the mechanisms of macrophage and T-cell activation by rBCG-LTAK63 and BCG in other experimental models.

Investigation of the long-term immune responses following immunization with rBCG-LTAK63 showed increased production of type 1 cytokines, such as IFN-γ and TNF-α, in the lungs of immunized mice when compared to BCG. Although there is some discussion on the role of IFN-γ and TNF-α in the protection against *Mtb*, these cytokines are considered important agents for control of the infection,[^42^](#CIT0042) especially when they are produced by CD4^+^ T cells.[^43^](#CIT0043) Higher production of IL-17 and IL-6 was also observed in the lung cells of mice immunized with rBCG-LTAK63. More recently, a role for Th17 response has been shown to be important for the control of *Mtb* infection. Different cell types are able to respond to the IL-17 cytokine, such as macrophages, lymphocytes and dendritic cells. IL-17 induces the expression of pro-inflammatory cytokines, such as IL-6, IL-8 and antimicrobial proteins.^[33](#CIT0033),[44](#CIT0044),[45](#CIT0045)^ On the other hand, increased IL-10 production was observed in cells isolated from the lungs of mice immunized with rBCG-LTAK63 when compared to the BCG group. IL-10 is considered a regulatory cytokine, being important for an adequate balance between inflammatory and immunopathological responses. IL-10 can be produced by a variety of cells, including regulatory T cells. However, it is probably being produced in response to the Th1 cytokine production.^[46](#CIT0046),[47](#CIT0047)^

We investigated the T cell response elicited by immunization with BCG or rBCG-LTAK63 after the challenge with *Mtb*. At 15 d after challenge, higher TNF-α-secreting CD4^+^ T cells were observed in the lungs of rBCG-LTAK63-immunized mice when compared to BCG, in agreement with our previous observations before challenge.[^19^](#CIT0019) This increased production of TNF-α could be important to reduce the dissemination of *Mtb* and promote higher levels of protection later, since it is essential for the effective control of mycobacterial infection in mice and humans.[^42^](#CIT0042) TNF-α can be produced by several cell types. However, there is evidence that T cell-derived TNF (α or β) is necessary to sustain control of *Mtb* infection.[^48^](#CIT0048) In our results, the TNF-α-secreting CD4^+^ T cells were evaluated by intracellular cytokine staining (ICS) using monoclonal antibodies, which should be more specific. TNF-α is required not only for bactericidal mechanisms, but also for downregulation of inflammation during infection.[^49^](#CIT0049) In order to investigate if the increased levels of TNF-α could also lead to undesirable pathological effects,[^50^](#CIT0050) we followed mouse weight before and after challenge, and lung histopathology. The results indicate that the levels of TNF-α induced by rBCG-LTAK63 in this model did not cause weight loss or lung pathology.

The lack of validated and translational models for evaluation of protective immunity has precluded establishment of correlates of protection for TB.[^13^](#CIT0013) Our data revealed important aspects of the immune responses induced by this novel vaccine candidate correlating with protection in the current models. We will only be able to estimate the real relevance of this vaccine in models that are closer to humans.

The Heat-labile *E. coli* enterotoxin and its derivatives have a broad spectrum of adjuvant properties, which can improve the innate and adaptive immune responses of co-administered antigens.^[22](#CIT0022),[51](#CIT0051)^ The rBCG-LTAK63 construct takes advantage of these properties inducing a variety of immune mechanisms, many of which are clearly different from BCG. We hypothesize that the expression of LTAK63 in BCG is able to induce an increased innate immune response involving mainly active macrophages, with early production of NO, and increased recruitment of CD4^+^ and CD8^+^ T cells. This potential to activate an increased initial immune response would be a key element to drive the Th1 and Th17 long-term immune response and the early production of TNF-α and IL-2/TNF-α by CD4^+^ T cells after challenge. On a whole, a concerted action of different immune responses is important to hinder the dissemination of *Mtb* and increase protection levels in rBCG-LTAK63-immunized animals.
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